Nanosecond near resonant excitation in As50S50 thin films leads to colossal nonlinear optical response, i.e. nonlinear absorption coefficient up to 4 × 10 6 cm/GW and nonlinear refractive index of 8.5 cm 2 /GW, both of which is the strongest ever reported in amorphous semiconductors. We propose a five-level energy model to explain such effect which indicates that nonlinear process is reverse saturable absorption in nature, mediated by excited state absorption from triplet-triplet transition. On the other hand, observation of negative nonlinear refractive index reveals that selfdefocusing effect takes place in our sample. Finally, benefitting from the colossal nonlinear response, we demonstrate a promising application of As50S50 thin films as an optical limiter for optoelectronic detection. † Authors contributed equally.
In recent years, there is a huge surge in understanding the third order nonlinearities of novel optical materials from both fundamental and plethora of application aspects, including, optical switching [1] , optical modulation [2] , optical limiting [3, 4] etc. Among these, optical limiter is of particular importance because it helps in protecting human eye as well as optical sensors in optoelectronic detection from intense laser source [4] . In principle, an ideal optical limiter must have high transmission in low intensity beam while reduced transmission against intense beam, over a wide dynamic working range. Optical limiting is typically associated with nonlinear optical process, e.g. multiphoton or excited state absorption (ESA) [5] [6] [7] [8] . Therefore, the quest for materials with high optical nonlinearity, i.e. high nonlinear absorption (β) and high nonlinear refractive index (n2) remains a central research question over many years. A wide range of amorphous and crystalline materials, for example, porphyrin [9] , ZnO nanorods [10] , plasmonic materials [11] , nanocomposites of transition metal dichalcogenides [12] , graphene oxide [4, 13] etc. have shown potential applications in optical limiting. However, fabricating such structures is a real challenge because it involves complicated synthetic routes that requires utmost precision. In this regard, amorphous chalcogenide glasses (ChGs) and their thin films hold advantages because of their easy synthetic procedure via thermal evaporation technique [14, 15] . ChGs are formed by chalcogen elements (S, Se, Te) in combination with elements like As, Ge, Ga, Sb etc [14] [15] [16] . Few advantages of ChGs include high linear refractive index and ultrafast response time [17] . Among the family of ChGs, As-based compositions are preferable owing to their high chemical stability. Compared to the conventional As40S60 (As2S3), which has mean coordination number (MCN) 2.4, in our present study we choose over-constrained As50S50 (As2S2), with MCN 2.5, because of their intrinsic structural rigidity and thermal stability against pulsed laser.
In this letter, we employed conventional Z-scan technique to demonstrate colossal nonlinear optical response in As50S50 thin films. A comparative study reveals that both β and n2, are the highest ever reported in the family of amorphous semiconductors. ESA observed in our sample from triplet-triplet transition is explained from a five-level energy model. We also showed that the colossal nonlinear effects in As50S50 hold potential applications in fabricating optical limiting devices.
As50S50 thin films are prepared by using conventional melt-quenching method starting from 99.999 % pure As and S. The cast samples are used as the source material for depositing thin films on microscopic glass substrate by thermal evaporation technique. To preserve the target stoichiometry from the starting bulk material, we used a low deposition rate of 2-5 A o /s. We prepared film of thickness ~ 420 nm which was verified by using ellipsometric measurements [18] .
To unveil the third order nonlinear optical response of As50S50 thin films, we employed Zscan technique. In our present work, we measured transmission in two different configurations. In the first case, known as "open-aperture" Z-scan, all the transmitted laser beam is collected and measured after the sample. In the second case, laser light is transmitted through small aperture placed in the far field, which is known as "closed-aperture" Z-scan. By performing open and closed aperture Z-scan measurements, we can determine β and n2 of the films, respectively. We excite the sample with the second harmonics (532 nm) of Nd:YAG laser of pulse width 7 ns. To exclude the possibility of heating and photo damage, we used a fixed repetition rate of 10 Hz [19] . The beam is focused on the axis of a lens of focal length 20 cm where the film is moving by computer controlled translational stage. The Rayleigh length and beam waist are measured to be 3.7 mm and 25 m, respectively. The linear transmission of the film on glass is ≈ 60% measured in the far field region.
To select the excitation wavelength for performing Z-scan measurements, first we measured the bandgap of the sample. In this context, Fig. 1(a) shows the optical absorption spectra of the film. Since As50S50 is an indirect bandgap material we use the following Tauc equation to calculate the bandgap of the sample as: [20] . In semiconductors, RSA can be classified into two types; first is two-photon absorption (TPA) and second is ESA [21] . Both of these mechanisms can be explained by a five-level energy model scheme as shown in Fig. 3 . It can be seen from the figure that the five levels include: (i) ground state EG, (ii) the first excited singlet state ES1, (iii) second excited singlet state ES2, (iv) first triplet state ET1 and (v) the next higher triplet state ET2. In the present case, as the excitation energy is close to the optical bandgap of the sample, we can discard the possibility of TPA, which leaves ESA as the only feasible mechanism. When ESA takes place, molecules are excited from an already excited state (ES1/ET1) to a higher excited state (ES2/ET2), i.e. ES1 → ES2 or/and ET1 → ET2 [22] . Consequently, population of the ES1/ET1 needs to be higher for increased photon absorption from that state. To quantify such effects, it is important to calculate the absorption cross-sections for the effective excited state ( 1/ 1 ) and ground state ( ) defined as [12] :
here 0 , , , are the linear transmittance of the material, transmittance peak of the saturable absorption, carrier density of the material at the ground state and the thickness of the sample, respectively. In our sample, calculated values of 1/ 1 and are found to be 2.25 × 10 -12 cm 2 and 1.28 × 10 -12 cm 2 , respectively. Consequently, we found that the ratio 1/ 1 / (= 1.76) is greater than unity, which indicates that the nonlinear optical process is ESA mediated RSA [22] .
It is important to note that, for excitation with nanosecond laser pulses, the possibility of ESA from singlet-singlet transitions are unlikely because the population density in first singlet state ES1 is never depleted as the carriers which are excited to ES2, decayed to ES1 within picoseconds.
Therefore, for nanosecond laser illumination, probability of singlet transition is very unlikely within the experimental time window. We believe that, in our sample, first the carriers are transferred from ES1 to ET1 via intersystem crossing (ISC), which eventually makes transitions to ET2. Thus, triplet-triplet transition dominates over singlet-singlet transition for the observed ESA observed in As50S50 thin films.
To quantify the observed ESA, we used the following propagation equation in the dispersion as a function of the position as:
where I and z are the intensity of the laser beam and propagation distance inside the sample. α(I)
is the intensity dependent absorption coefficient which is defined by:
where 0 , and are the linear absorption coefficient, saturable intensity and the ESA coefficient, respectively. To obtain more quantitative picture, we exploit Z-scan theory by expressing normalized transmittance as a function of position z as:
Where 0 = 0 1+ 2 0 2 and = (1− − ) . The best fit to the normalized transmittance provides us . In this regard, Fig. 2(b) shows the variation of with input peak intensity (I0). If the non-linear process is associated with simple TPA alone, should not exhibit any variation with I0. But in a start contrast, decreases with increase in I0 which is attributed to sequential TPA via ESA (RSA) similar to the observation of Couris [23] and Bindhu [24] . Our results indicate that is found to be (4.3 ± 0.7) × 10 6 cm/GW at the peak intensity of 10 MW/cm 2 . Such enhanced ESA in our sample intrigues us to compare the present result with the previous reports and the results are summarized in Table 1 . Quite clearly, the amplitude of is ~ 6 order (10 6 ) higher than previously obtained results and also surpass the nonlinearity obtained in our recent measurements on As-Sb-Se system by a factor of 10 [19] . Such extremely high value of non-linear absorption coefficient of As50S50 indicates its potential use in the field of data transfer through waveguide without much loss and an ideal candidate for designing optical limiting devices.
Observation of remarkable ESA with very high motivates us to explore the potential of our sample in device fabrication, specifically in optical limiting process. An optical limiter is a selective nonlinear device which attenuates intense laser beam while allowing low intensity beams.
They play a crucial role in protecting optoelectronic devices, e.g. photomultiplier tube, photodiode and human eye from intense laser. To demonstrate the device potential, we have plotted in Fig. 2 (c) the variation of transmitted output intensity (Iout) as a function of input intensity (Iin). Quite clearly, at lower intensities, Iout scales a linear relationship with Iin, following Beer Lambert law, keeping the device inactive. However, as Iin increases, Iout exhibits deviation from linearity as shown by the dashed line in Fig. 2 (c) which shows that As50S50 thin film limits Iout for all higher Iin above the certain threshold of 5 MW/cm 2 . This particular value of Iin is very important to determine the performance of an optical limiter. As the experimental results are based on the Zscan set up, the reliability of the optical limiter is also checked by plotting the normalized transmittance as a function of the input intensity as shown in Fig. 2 (d) . It can be seen that the transmission starts decreasing when input laser intensity (Fon) exceeds 5 MW/cm 2 , as in Fig. 2(c) which is a necessary criterion for the working principle of an optical limiter.
After demonstrating large non-linear absorption coefficient by open-aperture Z-scan measurements, we performed closed-aperture Z-scans to determine the sign and magnitude of the nonlinear refractive index n2 of As50S50 thin films. We adjusted the size of the aperture in front of the detector in such a way that the transmission reduced to one third of the incident value. Typical normalized closed aperture Z-Scan trace is shown in Fig. 4 at peak intensity of 30 MW/cm 2 . Our sample exhibits pre-focal transmittance maximum (peak) followed by a post-focal transmittance minimum (valley), i.e. peak-valley (P-V) behaviour which is associated with self-defocussing effect and characterized by negative n2. The nonlinear refractive index n2 is calculated using the equation:
where I0 is the peak intensity at the focus and Leff is the effective thickness of the sample, expressed as =
, where L is the thickness of the sample and α is the absorption coefficient. For a transparent sample, we assume ≈ . 0 is the on-axis phase change, determined by fitting the experimental data with the equation:
where ∆ − is the difference in magnitude between the normalized transmittance at peak (Tp) and at the valley (Tv). S is the transmittance of the aperture without any sample and is represented as = 1 − exp (−   2 2 2 ) , where is the aperture radius and is the beam radius at the aperture.
From our calculation, we found that the peak valley difference ∆ − is much greater than 1.7 ZR, which gives a clear indication that the observed nonlinear process can be assigned as a third order process as proposed by Nagaraja and co-workers [21] . In order to extract the contribution purely from nonlinear refraction we used the division method described by Sheik-Bahae et. al [30] and fitted the experimental data in Fig. 4 with the equation:
where T(x) is the transmittance of the sample and = is the fraction of axial distance with
Rayleigh length. Our calculation shows that 2 is ~ (8.49 ± 0.81) cm 2 /GW which is 7 orders of higher in magnitude as compared to the reported value of fused silica (3.0 ± 0.4) × 10 -7 cm 2 /GW. 
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